I. INTRODUCTION
Recent advancements in horizontal drilling and hydraulic fracturing technologies have made it possible to commercially produce oil and gas from shale and ultra-tight sandstone formations. The pore diameters in these rocks are in the nanometer range, which results in very low porosities and permeabilities. Considering nanoscale phenomena such as slip boundary conditions, non-continuum effects, higher ratio of wall surface area to pore volume (PV), etc., one would expect different fluid flow and phase behavior inside nanoscale confinements than in microscale and larger pores. [1] [2] [3] Developing an improved understanding of the fundamentals of multiphase flow in nano-porous media is crucial to enhance oil recovery from shales; One of the key aspects of multiphase flow in nanopores that has not been investigated in the past is the effect of wall-fluids interactions on the threshold capillary pressure of fluid/fluid displacements in these systems.
Most of the molecular dynamics (MD) studies on fluid flow in nanopores have considered nanotubes with circular cross sections. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, the majority of pores in porous media have sharp corners and could be best represented with angular cross sections such as triangles and squares. 18, 19 The difference between polygonal and circular cross sections is that the wetting phase will retract to and remain in the corners as the non-wetting phase starts to occupy the center of the a) msedghi@uwyo.edu pore during a fluid-fluid displacement. For instance, in a displacement of water by oil in an initially water-wet pore during a drainage process, if the pore cross section is circular, then a thin film of water will remain on the pore wall. However, if the cross section is angular, the water will leave thick layers in the corners as well as a thin film on the mid-section of the pore wall similar to the case in circular pores. Under certain conditions, the water film may rupture leading to a direct contact between the oil and the pore walls. As a result, the wettability of portions of the wall might change from water-wet to weakly or strongly oil-wet after a sufficient amount of time. This is due to the interactions between heavier molecules of oil called resins and asphaltenes with polar components of the wall surface. This mixed wettability has been extensively characterized in the literature for macropores. [17] [18] [19] [20] After primary drainage, waterflooding can occur by displacing the oil, that occupies the center of the pore, by water. The configuration of water and oil at the end of the waterflooding process can vary depending on the wettability condition of the pore walls. If the walls remained uniformly waterwet, meaning that either the water film in the middle part of the pore did not rupture or it was impermeable to oil components, then water would occupy the entire pore space after waterflooding. On the other hand, if the mid-section of the pore becomes strongly oil-wet, then a thin layer of oil could form between the water in the corners and the water in the center of the pore after waterflooding. The formation of the wetting layer depends on the interfacial properties of the oil, water, and solid surface as well as the initial saturation of the water and the pressure difference between the fluid phases.
The dynamics of fluids flow inside nanopores starts to deviate from the continuum model equations when the pore dimension becomes comparable to the molecular size. 3, 21 Hence, a practical tool to study flow and transport under these conditions is MD simulation. Over the last decade, the spontaneous imbibition of wetting phases into nanotubes has been extensively investigated through MD simulations. One of the early studies in this area was performed by Martic et al. 6 who modified the Lucas-Washburn equation by replacing the equilibrium contact angle with the dynamic contact angle. In their equations, the velocity of the rising meniscus was derived from the molecular kinetic theory. They validated the modified Lucas-Washburn equation by using MD simulations of a Lennard-Jones (LJ) fluid spontaneously imbibing a nanotube. The position of the advancing meniscus and the dynamic contact angle were measured during the simulation and the results followed the trend predicted by the modified Lucas-Washburn equation. Their work was later followed by Stukan et al. 4 who addressed the effects of roughness and wettability of the wall on the dynamics of spontaneous imbibition. In another study, Dimitrov et al. 9 obtained the velocity of capillary rise under an external pressure in order to compute the permeability and the capillary pressure of the system. The external pressure was applied to an impermeable piston placed at the end of the simulation box. Contrary to the above-mentioned studies that confirmed the validity of Lucas-Washburn equation for spontaneous imbibition, MD studies performed by Supple and Quirke 12 revealed that the velocity of decane meniscus rise in graphene nanotubes is proportional to the time instead of its square root. Considering their simulation times were less than 1 ns, it is possible that they had observed initial dynamics effects ignored in other studies.
Perhaps, one of the most relevant studies on two-phase flow in nanopores is the one presented by Chen et al. 15 where forced displacement of oil by water was investigated in a circular nanotube and the amount of remaining oil and the threshold external force (presented in reduced units) where determined for different pore wettabilities. The results indicated that the amount of residual oil and the threshold external force increase as the pore wall becomes more oil-wet.
In this study, we focus on the displacements of oil and water inside nanopores with angular cross sections and with varying pore wall wettabilities. We investigate the threshold capillary pressures and pore fluid configurations associated with drainage and forced waterflooding displacement processes. Formation of wetting layers of water in the corners of water-wet pores, establishment of strongly oil-wet pore walls through wettability alteration process, and formation and collapse of wetting layers of oil in oil-wet pores are studied. To the best of our knowledge, this is the first time that molecular dynamics of wetting layer formation and forced water-oil displacements in angular nanopores with mixed wettabilities are examined. This paper is organized as follows: In Sec. II, we describe our systems of study and the MD parameters and techniques as well as the thermodynamic equations derived using the Mayer-Stowe-Princen (MS-P) method. In Sec. III, we compare the threshold capillary pressure obtained from MD simulations with calculations from the MS-P method for both drainage and waterflooding processes. A set of final remarks are summarized in the Conclusions.
II. METHODOLOGY

A. Threshold capillary pressure
In this work, we used the definition of the capillary pressure as the pressure differential between adjacent oil and water phases inside capillary pores. With this definition, capillary pressure can be positive or negative depending on the pore wettability, although only the absolute values are reported in this paper. For a circular capillary tube with an inside radius of R, the threshold capillary pressure for the nonwetting phase j to invade the tube and displace the wetting phase i, is calculated from the Young-Laplace equation
where γ ij is the interfacial tension (IFT) between the phases and θ ij is the contact angle that the main terminal meniscus (MTM) makes with the solid surface. For pores with angular cross section, in addition to MTM, an arch meniscus (AM) forms at each corner. Assuming a pore with straight walls, the capillary pressure across the AM can be obtained from the Young-Laplace equation
where r ij is the radius of the arch forming at the corners between phases i and j. The threshold capillary pressure for displacement in pores with angular cross sections can be formulated using the MS-P method, which is based on the minimization of the Helmholtz free energy when a wetting phase is displaced by a non-wetting phase. The details of this method are reported elsewhere. 24 For the oil-water drainage inside a pore with an angular cross section, the threshold capillary pressure is derived as
where L ij,t is the total length along which phases i and j are in contact with each other and A o,t is the total area of the cross section that oil occupies (here, subscripts "w," "o," and "s" denote water, oil, and solid, respectively). For a square cross section with a perimeter of L t (subscripts "t" and "c" denote total and corner, respectively), we have
, where L ow,c , b, and A w,c are the length of contact line between oil and water, meniscusapex distance of the interface, and the area occupied by water at a corner, respectively. With simple trigonometric algebra it can be shown that
A w,c = r
where α is the corner half angle. Equation (3) can be simplified to Eq. (1) for the case of circular cross section.
The threshold capillary pressure can also be formulated based on the same principle when the angular pore is mixedwet with water in the corners and oil in the center and we displace the oil with water in a piston-like displacement. This process is called waterflooding and can produce different pore fluid occupancies depending on the wettability of the pore. In water-wet pores, it leads to a pore fully saturated with water, whereas in oil-wet pores, oil may leave a wetting layer between water in the corners and in the center depending on the oil-wetness of the pore and stability of the layer. The stability of the oil layer can be examined based on the threshold capillary pressure using the following approach. If the threshold capillary pressure with an oil layer is smaller than the one without the oil layer, then the layer is stable as long as the capillary pressure remains between those two thresholds and it starts to collapse as the capillary pressure becomes equal to or greater than the second threshold. However, if the threshold capillary pressure for the latter case is in fact smaller than that for the former case, then the formation of an oil layer is not thermodynamically feasible and this layer will not form at the beginning of waterflooding. We refer the interested readers to Refs. 35 and 36 where the threshold capillary pressure formulations for every possible scenario in waterflooding are presented with details. Here, we only list the calculation results with the threshold capillary pressure equations for waterflooding.
B. Molecular dynamics simulation
Force field parameters
In this work, the coarse grained (CG) models suggested by Marrink et al. 22, 23 were employed to represent water and oil molecules and wall particles. In these CG models, on average, every four atoms (excluding hydrogens) are represented by one coarse grained particle. Therefore, every four water molecules form one bead with a mass of 72 amu and dodecane molecules, representing oil in our simulations, consist of 3 beads, with a mass of 56.7 amu, attached to each other with the harmonic bond potential given by
where K bond is the bond force constant, which in our simulations is equal to 1250 kJ/(mol nm 2 ). The angle between the coarse grains in the oil molecules was kept flexible with a force constant of 25 kJ/mol using the following angle potential: The intermolecular forces are applied using shifted Lennard Jones potentials as shown below:
and
The sigma of all particles was equal to 0.47 nm and the cut-off radius was set to 1.5 nm. The LJ potentials for the fluids and pore wall particles are reported in Table I . Three wettabilities were considered for the walls, which are labeled as strongly water-wet (SWW), weakly oil-wet (WOW), and strongly oil-wet (SOW). The piston in our MD simulation systems is a flat wall consisting of hard sphere particles allowed to move in only one direction (i.e., Z-direction), which is controlled by the external pressure exerted on them.
Nanopore structures
We configured certain nanopore structures for MD simulations in this study. The wall particles in nanopores have nonordered configurations with a density of 0.846 σ −3 . Three cross-sectional shapes were considered for the nanopores: circle, square, and right triangle (with acute angles of 30
• and 60
• ), as illustrated in Figure 1 . The pores have a height of 10 nm and similar cross section areas varying between 180 and 182 nm 2 . The thickness of the pore walls at any position is always equal to or higher than 1.5 nm, so that fluid particles that are very close to the walls cannot feel the empty space behind them. Figure 1 shows circular cross sections with smooth and rough walls. To randomize the roughness and avoid creating sharp and unrealistic indentations, the wall particles were divided into inner and outer sections. We only allow the inner particles to move freely while randomly assigning different interaction potentials between the inner and outer particles. The rough wall was only considered for the pore with circular cross section in drainage simulations (which is explained in later sections), and the roughness was calculated from the equation below 25 as described in Ref. 4 , where d i is the minimum distance between the longitudinal axis of the pore and the wall particles in the ith bin, d i is the average distance, and N is the total number of bins. The values of roughness for the smooth and rough walls were found to be 0.06 and 0.7, respectively. In the MD simulation studies mentioned earlier, the wall particles are modeled as either frozen or restrained to their equilibrium positions with a spring force or a finitely extensible nonlinear elastic (FENE) potential. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In this work, a few preliminary MD simulations were run to determine if thermal vibration of pore walls can significantly affect the simulation outcomes. For the drainage tests in the circular pore, MD simulations were performed with frozen and tethered wall particles using the harmonic potentials with force constants of 1000, 3000, and 5000 kJ/(mol nm 2 ). Except for the simulations with the force constant of 1000 kJ/(mol nm 2 ) where there was a considerable amount of fluids escaping through the walls, the trajectories of the simulations were similar. The invasion of oil into the pore was slightly faster for frozen particles than restrained ones. A similar conclusion was reached in Ref. 4 . That is, the thermal agitation of wall particles did not significantly impact the dynamics of dodecane molecules invading into capillaries during spontaneous imbibition simulations. In our simulations, we have used frozen walls, since the diffusion of fluid particles through the wall is the lowest, and therefore we were able to use a minimum wall thickness of 1.5 nm.
MD parameters
Generally, NVE (constant number of particles, volume, and energy) ensembles can produce the true hydrodynamics of the system of study; however, for nonequilibrium molecular dynamics (NEMD) simulations performed by applying an external pressure on the piston, the temperature would rise as a result of the external energy that is being pumped into the system. Therefore, a thermostat is needed to dissipate this heat. The choice of thermostat is important for these NEMD simulations since we have center of mass movements. The thermostats that use the global kinetic energy to control temperature are susceptible to the flying ice cube effect. 26 Among the thermostats that control temperature locally, dissipative particle dynamics (DPD) approach is shown to preserve the momentum of the system and is preferred over Langevin thermostat when the hydrodynamic properties of the system are important. 27 In DPD thermostat, in addition to the Van der Waals (VDW) force ( F i ), a dissipative force ( F D i ), and a random force ( F R i ) are applied to each particle,
The dissipative force is designed to act as a drag force and depends on the relative velocity ( v ij ) between the particles. It is calculated from this equation,
where ξ is the friction factor, which in our simulations was set to 0.5 (gr/mol ps), and w(r) is the weight function defined as w(r) = 1 − r/r c for r < r c and w(r) = 0 for r ≥ r c . The cutoff radius (r c ) is set to 1.5 nm. The random forces are given by
where ς = (2ξ kT) 0.5 and is designed to represent a stochastic heat bath, and α is a Gaussian random number with zero mean and unit variance.
An alternative approach to stochastic thermostats is to only thermostat the wall particles. This method has the advantage of not perturbing the dynamics of fluid particles since there is no thermostat term in their Hamiltonian equations. 29 However, we did not consider this technique in our simulations since we are looking at the final equilibrium state of fluids. Instead, we used the DPD thermostat so that we could freeze the wall particles in order to speed up the simulations and reduce the diffusion of fluid particles out of the pore. Also the stochastic forces in this thermostat helped prevent CG water from freezing inside the pore.
The time step was chosen to be 0.005 τ , where τ = (σ 2 m/k B T) 0.5 . Periodic boundary conditions (pbc) were used in all directions, however, we increased the length of the simulation box in the Z-direction so that the minimum distance between the displaced fluid surface and the piston (or its pbc image) is at least 4 nm in order for the displaced fluid to be in equilibrium with its vapor phase in the vacuum region between its surface and the piston. The MD simulations were run using DL_POLY_4.0.2 simulation package. 30 The source code was modified to implement the DPD thermostat and corrected for the piston displacement in the External Field section. The MD snapshot pictures were produced with VMD software. 
Interfacial tension and contact angle
The IFT and the contact angle used in the MS-P method to determine threshold capillary pressures, were obtained from MD simulations as explained in this section. The IFT between water and oil was calculated by placing slabs of water and oil with a size of 10 × 10 × 5 nm 3 in contact with each other at a temperature of 302 K and different pressures. At each pressure, an NPT (constant number of particle, pressure, and temperature) ensemble was run for 4 ns by employing the
where γ is the interfacial tension, L z is the simulation box size in the Z-direction, which is normal to the oil and water surface, and P ii is the ensemble average of normal pressure in the i direction. To check if using the DPD thermostat would change the IFT values, NVT (constant number of particle, volume, and temperature) ensembles were performed for 4 ns with the DPD thermostat following the last configuration of the NPT simulations. The IFT values from both simulations were very similar. The values from NPT simulations were 49.8, 50.8, and 50.2 mN/m for pressure values of 100, 125, and 150 bar, respectively. These values are in the range of experimentally measured IFT counterparts for water and alkanes. 33 Although the IFT values should increase with pressure, 34 the increase is negligible and is within the simulation margin of error.
The equilibrium contact angle was determined in the static conditions by inserting a cubic box of the wetting fluid (either water or oil depending on the wettability of the wall) with a side of 5 nm inside a larger box of the non-wetting phase with a size of 20 nm × 20 nm × 10 nm, placed over a slab of wall particles. The NVT simulations were run for 4 ns using DPD thermostat at a temperature of 302 K. The contact angle was obtained from the last snapshot of MD simulations using ImageJ software.
37 Figure 2 displays snapshots of the initial and final configurations of the MD simulation performed to measure the equilibrium contact angle on the strongly water-wet wall.
The size dependency of IFT and contact angle was examined by running similar simulations at a larger scale. For IFT calculation, a simulation box of 20 × 20 × 40 nm 3 was prepared by placing two cubic simulation boxes of water and dodecane molecules adjacent to each other in the Z-direction. The IFT obtained from an NPT simulation at 125 bar was 50.5 mN/m, which is in the range of IFT values obtained from the small-scale simulation. To determine the contact angle in a water-wet pore, a cubic box of (7.5 nm) 3 full of water was immersed into dodecane molecules confined inside a rectangular box of 36 × 36 × 16 nm 3 that was placed on a slab of wall particles with a thickness of 2 nm. These dimensions are approximately 3 times larger than those used in the smallscale simulation. An NPT simulation was run for 9 ns and the calculated contact angle was in the range of 15
• -20
• , in good agreement with the small-scale simulation.
Similar to Stukan et al., 4 the dynamic (i.e., advancing and receding) contact angles in the smooth circular pore were calculated from the shape of the meniscus. The pore space was divided into 10 concentric cylindrical shells with equal cross sectional area and the fluid level was determined at each shell. The heights of these levels were then plotted versus the distance of the shell from the central axis of the pore and a circular curve was fitted through the data. The slope of the tangent line to the curve at a point located at a distance of 0.5 nm from the wall, represents the dynamic contact angle. For the spontaneous imbibition simulations (Figure 3) , the dynamic contact angles were then fitted to the following equation in order to determine the equilibrium contact angle:
where θ and θ e are the dynamic and equilibrium contact angles, respectively, and l (t) is the distance from the meniscus to the nanopore entry. P 2 and P 3 are fitting parameters in the modified Lucas-Washburn equation which are further elaborated in Ref. 4 .
III. RESULTS AND DISCUSSION
To test the validity of our simulation setups, we initially simulated the spontaneous imbibition of oil molecules in oil-wet cylindrical nanotubes with a radius of 7.6 nm and a length of 47 nm. The wall had a smooth surface and two levels of wettabilities were considered: ε o−pw = 1.4 kT Figure 3 displays the change in the meniscus level and the dynamic contact angle versus time. The equilibrium contact angle was determined from two methods: (1) by fitting Eq. (17) to the dynamic contact angles calculated during the simulation (the dashed lines in Figure 3 (b)), and (2) by placing a cubic box of oil molecules on a slab of wall particles, as explained in Sec. II. The contact angles calculated from the first method were 15.2
• and 71.5
• and those measured using the second method were in the range of 15
• -70
• for strongly and weakly oil-wet nanotubes, respectively. The values show reasonable agreement.
A. Drainage
For the oil-to-water drainage simulations, we initially packed water molecules inside the pore and placed two slabs of water, with 2 nm thickness each, at the entrance and exit of the pore. We then placed dodecane molecules, with a volume 2.2 times greater than the pore volume, between the lower water slab and the piston. An initial 200 ps of equilibrium simulation was run before applying any forces on the piston. The initial configuration for the circular tube is depicted in Figure 4 . The first simulation was performed to verify if the external pressure defined in DL_POLY is the actual pressure that is exerted on the system. To this end, we considered the NVE ensemble (i.e., no thermostat) so that the change in total energy of the system is equal to the work that is being done, as there is no heat transfer ( U = W + Q, Q = 0). This work is equal to the product of pressure by the change in volume so that W = P ext V = P ext A z. Therefore, we can determine the external pressure that is being applied on the system at any time interval from the following relation:
where A is the area of the box in the X-Y plane and z is the position of the piston in the Z-direction. Different NVE simulations were performed for both circular and square cross sections while the external pressure was set to 80, 100, and 120 bar. However, the external pressure that was calculated from Eq. (18) for each simulation was greater than the preset pressure and was dependent on the domain decomposition used in the system. We modified the source code to correct for this error. We then tested the correct code for preset external pressures of 100, 120, and 140 bar for both frozen and tethered wall particles and found that the calculated external pressures matched the preset pressures within 5% in all simulations. The calculated external pressure during simulations with a cylindrical frozen pore and the preset external pressure of 120 bar are shown in Figure 5 . The figure shows the build-up in the external pressure as the piston pushes oil until it reaches the preset value. The threshold capillary pressure can be calculated for the pores with smooth walls in the three cross sections shown in Figure 1 using the MS-P method (i.e., Eqs. (1)- (6)) for which IFT and contact angle are input parameters. As was mentioned in Sec. II, the IFT values obtained from MD simulations were in the range of 50-51 mN/m and the equilibrium contact angles for the strongly water-wet wall were in the range of 15
• . The equilibrium contact angle was used for the MS-P calculations since, as it will be discussed later, advancing and receding contact angles in our systems of study were similar and equal to the equilibrium contact angle. Using the IFT value of 50.5 mN/m and the contact angle of 17.5
• , the values of P th c ow were calculated for the pores with circular, square, and triangular cross sections. The results are presented in Figure 6 .
To check the validity of the MS-P method in nanopores, we performed drainage simulations with variable external pressures. In the NEMD simulations, oil starts to invade the pore at a pressure higher than the value predicted by the MS-P method. After oil invades the pore, we decreased the external pressure by 5 bar every 1 ns until the oil begins to retract from the pore. The pressure at which the oil can no longer remain inside the pore is the threshold capillary pressure. At the end of each simulation, snapshots of the system taken every 200 ps were analyzed and the number of oil and water particles inside the pore was determined. The profile of oil and water particles inside the pore versus simulation time for the circular cross section is shown in Figure 7 water pressure is equal to its vapor pressure at 302 K, which is much smaller than 1 bar (∼0.04 bar), it is safe to assume that the pressure difference between oil and water is equal to the external pressure on the piston. Hence, the threshold capillary pressure for the circular cross section is in the range of 135-130 bar. Figure 7 (b) displays the number of oil particles inside the pore versus simulation time, for the three cross sections. From these profiles, we can determine the ranges of P th c ow for each pore. The P th c ow obtained from the MD simulations are compared with the MS-P counterparts in Figure 6 . The results show an encouraging agreement. For the circular pore, MD simulations predict a slightly higher threshold capillary pressure than the MS-P method. This could be due to the fact that a thin film of water remains on the wall surface during drainage, which reduces the pore cross-sectional area available to oil. This water film is less significant for the pores with angular cross sections since almost all water molecules retract to the corners.
One question to consider here is how fast the oil particles inside the pore would feel the change in the external pressure that is being applied on the piston. If the latency time is more than 1 ns, then the threshold capillary pressure would be higher than the value predicted by the simulations. To answer this question, the delay in the response of the meniscus to a change in external pressure was examined by performing a simulation where the external pressure dropped from 150 to 0 bar after 2 ns. The results shown in Figure 7 (c) indicate that the response of oil particles to the external pressure is almost instantaneous and thus 1 ns is a sufficient amount of time for oil to react to the new pressure exerted on the piston.
We also investigated the advancing and receding contact angles. Receding contact angle is measured when the nonwetting phase is displacing the wetting phase during drainage and is usually smaller than the advancing contact angle measured during imbibition. This is called contact angle hysteresis and is attributed to wall roughness, change of wall wettability, etc. Contact angle hysteresis results in different threshold capillary pressures depending on whether the nonwetting phase is invading or receding. To check the variation of capillary pressure, we ran drainage MD simulations for the square cross section at external pressures of 135 and 145 bar. The number of oil particles inside the pore during these simulations is depicted in Figure 7(d) . The results suggest that P th c ow is almost the same whether the oil is invading or retrieving, meaning that the advancing and receding contact angle must be the same. Similar results were obtained for other cross sections as well as the circular pore with the rough wall. This may suggest that the wall roughness does not have a noticeable impact on the capillary pressure and contact angle hysteresis at this scale.
For a circular cross section, the receding and advancing contact angles can be calculated from the shape of the meniscus using the method that was described in Sec. II. Due to the symmetry of oil-water interface in the circular pore, only half of the advancing and receding meniscus at a same position (the meniscus level is about 7 nm from the pore entrance), are shown in Figure 8(a) . The dynamic contact angle was estimated from the circular curve at a distance of 0.5 nm from the wall since the wall is covered with one layer of water molecules. Figure 8(b) shows the receding and advancing contact angles during the simulation. The contact angle starts to decrease as the curvature of the oil-water interface increases until it reaches the value of the receding contact angle. Subsequently the meniscus starts to move with a constant curvature as the contact angle remains fixed. Figure 8 (b) also shows that the advancing and receding contact angles have similar values (i.e., 18
• -20 • ). This is consistent with the equilibrium contact angles obtained from the MD simulations and therefore we used equilibrium value in the MS-P calculations.
These results suggest that in our pore systems the effect of wall roughness on P th c ow was not significant as the radius of the cross section did not significantly vary inside the pore. Additionally, the remaining water saturation in the pores with the smooth and rough surfaces was similar (i.e., 17%), although the remaining water distributions were different. The main difference between these pores was that a water film uniformly covered the surface of the smooth pore, while for the rough wall, water stayed in the grooves, as shown in Figures 9(a) and 9(b) . The configurations of oil and water after drainage in pores with different cross sections are illustrated in Figures 9(a)-9(d) . As expected, the amount of water that resides in the corners increases as the corner angle decreases. The residual water saturation at the end of drainage is 17%, 20%, and 36% for pores with circular, square, and triangular cross sections, respectively.
The fact that the threshold capillary pressures obtained from MD simulations are consistent with the values calculated from Eqs. (1)- (6), implies that the interfacial tension between oil and water remained almost constant inside the pore. In nanoscale pores, the interfacial tension between fluids may change inside the pore due to wall effects. However, in our simulations, we used the short range interactions (limited to 1.5 nm), and the density of the wall particles and their interaction potentials were similar to those of fluids. As future work, we plan to add polar and charged particles to the simulation system in order to include long range electrostatic interactions and examine their effects on the results.
B. Waterflooding
After injecting more than 2 PV of oil into each pore, we used a snapshot of the pore structure that included 1.5 nm of the medium below the pore entrance and above the pore exit, and placed a slab of oil with a thickness of 1 nm on both sides. Similar to drainage, 2.2 PV of water was placed between the lower oil slab and the piston. The wettability of wall particles were changed based on the configuration of oil and water inside the pore at the end of drainage. As previously mentioned, the wall surface in the corners of angular cross sections retained their wettability since they did not come in contact with the non-wetting phase. For the circular cross section, the wettability of all wall particles was altered to strongly oil-wet. For the angular cross sections, the wall particles that came in contact with oil experienced wettability alteration to strongly oil-wet. For the square and the triangular cross sections, the percentages of oil-wet wall particles were 51% and 53%, respectively. Figures 9(c) and 9(d) illustrate the change of wall wettability for the angular cross sections (the cyan particles are oil-wet). For the pore with square cross section, in addition to strongly oil-wet wettability, we also considered weakly oil-wet wall particles with smaller ε oil−wall value as reported in Table I. For waterflooding simulations, the threshold capillary pressure was first determined with the same method used for drainage simulations; i.e., starting with high external pressures then decreasing pressure incrementally by 10 bar every 1 ns until the invading water starts to retreat. The threshold capillary pressure was also estimated from the MS-P method using an IFT value of 50.5 mN/m and an equilibrium contact angle of 150
• and 170
• for the weakly and strongly oil-wet cases, respectively (as shown previously in Figure 8 , advancing and receding contact angles were equal to the equilibrium contact angle). While we acknowledge that weakly oil-wet may refer to contact angle of less than 135
• , the notions of weakly and strongly oil-wet are applied merely to distinguish the levels of wettability alterations used in our MD simulations. In Figure 10 , the results of the MS-P calculations are compared with the results of MD simulations. For the circular cross section, the threshold capillary pressure is smaller than the MS-P calculation by about 10%. The lower threshold capillary pressure might be attributed to the water film that initially covered the wall surface. The water film makes it easier for the water to invade since the invading water particles are in contact with water instead of wall surface. The thickness of this water film is less than a few nanometers, therefore its effect on the threshold capillary pressure would only be important for the nanoscale pore structures. For the angular cross sections, there is a very good agreement between the MD simulations and the MS-P results, which suggests that MS-P method is still valid for waterflooding in nanoscale confinements consisting of Lennard-Jones particles.
The waterflooding simulations were performed at the threshold capillary pressure so that flow would be capillary dominated. During the simulations in the angular pores, water invaded from the center of the pores and therefore, for a short period of time there was an oil layer between the water in the center and the corner. However, this oil layer was not stable and eventually collapsed as the simulation continued. The final configuration and the oil layer disruption are displayed in Figure 11 for the triangular cross section (with strongly oil-wet wall particles). The instability of the oil layer was observed in both triangular and square cross sections with different oil-wet walls. From the MS-P method, the threshold capillary pressure for the scenarios with oil layer formation in the square and triangular cross sections with strongly oil-wet walls, were 139.8 and 117.8 bar, respectively, and in the square with weakly oil-wet walls, it was 126.6 bar. The fact that the threshold capillary pressure for the pore having an oil layer is higher (in absolute value) than that of the pore without any oil layer means that the oil layer is not thermodynamically stable, which is in line with our MD simulations. It should be noted that as the corner half angle decreased, the stability of the oil layer increased and remained stable for a longer time. After water displaced oil inside the nanopores, thin films of oil remained on the oil-wet parts of the walls (as shown in Figure 11(c) ).
IV. CONCLUSIONS
Molecular dynamics simulations on large parallel computers were used to investigate some of the key aspects of multiphase fluid/fluid displacements in nanoscale pores with different cross sectional shapes (i.e., circle, square, and right triangle). Each nanopore structure included an impermeable piston assembly to enable forced fluid/fluid displacements in the pore. The DL_POLY source code was corrected so that the pressure felt by the pore is equal to the external pressure assigned to the impermeable piston. The drainage simulations were performed by injection of water into oil in water saturated, water-wet pores. The threshold capillary pressures obtained from the MD simulations were in good agreement with those calculated using the MS-P method. The order of P th c ow and the remaining water saturation in pores with different cross-sectional shape, but same cross-sectional area, was as follows: circle < square < right triangle. The nanopores with angular cross sections retained the wetting phase (water) in the corners at the end of drainage.
Following oil drainage, we allowed wall particles contacted by oil to experience wettability alteration. We investigated the impact of wettability alteration on the subsequent waterflooding and the resulting pore fluid configurations. For the advancing and receding water, the P th c ow and the contact angles were the same, within the precision of our MD simulations. During waterflooding simulations in oil-wet pores with angular cross sections, oil layers were formed over water surface in the corners, although, they were not stable and collapsed as water continued to invade the pore. The instability of oil layers was also predicted from the MS-P method for the conditions of MD simulations. The oil-wet walls however, retained a film of oil particles.
